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We report the observation of a Pt layer thickness dependence on the induced interfacial
Dzyaloshinskii-Moriya interaction in ultra-thin Pt(dPt)/CoFeB films. Taking advantage of the large
spin-orbit coupling of the heavy metal, the interfacial Dzyaloshinskii-Moriya interaction is quan-
tified by Brillouin light scattering measurements of the frequency non-reciprocity of spin-waves in
the ferromagnet. The magnitude of the induced Dzyaloshinskii-Moriya coupling is found to satu-
rate to a value 0.45 mJ/m2 for Pt thicknesses larger than ∼ 2 nm. The experimental results are
explained by analytical calculations based on the 3-site indirect exchange mechanism that predicts
a Dzyaloshinskii-Moriya interaction at the interface between a ferromagnetic thin layer and a heavy
metal. Our findings open up a way to control and optimize chiral effects in ferromagnetic thin films
through the thickness of the heavy metal layer.
In the last few years the Dzyaloshinskii-Moriya inter-
action (DMI) [1, 2], i.e. the antisymmetric exchange
interaction, has been the subject of intense research due
to its capability to induce the formation of chiral spin
textures, such as magnetic skyrmion lattices [3–11] and
spin spirals [12–14]. In ultrathin ferromagnetic (FM)
films in contact with a nonmagnetic heavy-metal (HM),
a noticeable interfacial DMI can arise due to the large
spin-orbit coupling (SOC) in the presence of the broken
inversion symmetry at the FM/HM interface [11, 13],
leading for instance to asymmetric spin-wave dispersion
[15]. Interfacial DMI in FM/HM bilayers is usually
stronger than bulk DMI in non-centrosymmetric chiral
magnets [16, 17], which also has the advantage of room
temperature operation using conventional magnetic ma-
terials. In such structures, the combination of the in-
terfacial DMI, which stabilizes chiral Ne´el domain walls
(DW), and of the Spin-Hall effect [18, 19] has been found
to enable a surprisingly fast current-driven DW motion
[20–27]. It has also been observed that both the ve-
locity and the direction of the DW motion depend on
the DMI strength and can be controlled by engineering
the interface between the two materials [27–29]. From
a technological point of view, these structures are of
great importance, due to their enormous potential for
current-controlled DW motion for the development of
novel memory-storage devices with high density and per-
formance in so-called racetrack memories [30]. A deeper
understanding of the interfacial DMI mechanism in such
structures and a precise estimation of its magnitude, are
therefore crucial for tailoring efficient spintronics devices.
Early measurements of the strength of the DMI were
reported using spin-polarized scanning tunneling mi-
croscopy [13], highly resolved spin-polarized electron en-
ergy loss spectroscopy [15], and synchrotron based X-
ray scattering [31]. More recently, Brillouin light scat-
tering (BLS) has proven to be a powerful technique to
study interfacial DMI in a variety of FM/HM systems
[32–38] such as shown in Fig. 1. BLS experiments
on ultrathin FM/HM bilayers have shown that inter-
facial DMI induces a significant asymmetry in the fre-
quency dispersion of the counter-propagating Damon-
Eshbach (DE) spin-wave (SW) modes, as theoretically
predicted in Refs. [39–43], which makes direct mea-
surements of the strength of the induced DMI possi-
ble. Moreover, the effect of the interfacial DMI has been
investigated in wedge-shaped samples [36], and also in
structures where the thickness of the FM layer d is var-
ied [35, 37, 38], demonstrating a 1/d behavior of the
strength of the interaction, which is direct consequence
of the surface nature of such coupling. This phenomenol-
ogy was also found through all-electrical measurements
in Pt/Co/MgO samples [44]. Interestingly, the discus-
sion related to the role and importance of Pt thickness
is devoid in all those experiments. More recently Yang
et al. performed first principles calculations of DMI in
Co/Pt where its strength is featured for specific spin
configurations and up to three Co and Pt atomic layers,
founding a weak contribution from Pt thickness [52].
In this work we study the influence of the heavy metal
thickness on the interfacial DMI. Using BLS measure-
ments on ultrathin CoFeB films in contact with a Pt
layer with variable thickness (dPt), we found that the
strength of the interfacial DMI increases with Pt thick-
ness, reaching a saturation value for dPt larger than a few
nanometers. We are able to explain our experimental re-
sults using the 3-site DMI introduced by Levy and Fert
[45–47], where the asymmetric exchange interaction be-
tween two neighboring FM atoms is mediated by a third
non-magnetic atom, Pt in this case, having a large SOC.
Here we show that the evolution of interfacial DMI as
a function of the Pt thickness, can be understood as-
suming that hopping electrons can scatter with Pt sites
belonging to several layers in the HM.
We studied a series of samples consisting of Si-
SiO2/Co40Fe40B20(2 nm)/Pt(dPt)/Cu(3 nm) where dPt
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2was changed in the range between 0 and 6 nm. The
samples were grown by magnetron sputtering on ther-
mally oxidized Si substrates. The base pressure of the
chamber was 2 × 10−8 Torr, and the deposition times
were calculated using calibrated growth rates. The sat-
uration magnetization was determined from hysteresis
curves measured by a MicroMag 2900 alternating gradi-
ent magnetometer (AGM). BLS measurements were per-
formed focusing about 200 mW of monochromatic light
from a solid state laser operating at λ = 532 nm onto the
sample surface. The back-scattered light was analyzed
by a Sandercock-type (3 + 3)-pass tandem Fabry-Perot
interferometer [50]. A bias field H = 3 kOe was applied
parallel to the surface plane, while the in-plane wave vec-
tor k was swept along the perpendicular direction (DE
configuration). Due to the photon-magnon conservation
law of momentum in the scattering process, the ampli-
tude of the in-plane wave vector is linked to the incidence
angle of light θ by k = (4pi/λ) sin θ. In our measurements
k was changed from 0 to 2.044× 107 rad/m.
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Figure 1: (a) Schematic depiction of the system under study.
The magnetization M is saturated along z axis by an exter-
nal magnetic field H. Spin-waves propagate on the xz-plane
and are characterized by a wave-vector k making an angle φk
with the saturation direction. Based on the 3-site Fert-Levy
model the interfacial DMI is determined under the scheme
(b), where brown dots, i and j, represent a pair of CoFeB
magnetic moments interacting through a third Pt atom, il-
lustrated by the grey dots, at position Rlmnpi with respect to
spin i. (c) Illustration of a (100) plane of a fcc crystallite ori-
ented at an angle β with the x axis, while the pair of spins is
oriented at an angle δ with x. As indicated by the picture in
(d), the resulting DMI vector is distributed on the xz-plane
and perpendicular to the vector Rij .
In order to analyze the experimental results we start
with the usual Hamiltonian ascribed to the interfacial
DMI, HDM =
∑
〈ij〉Dij · (Si × Sj), which couples neigh-
boring atomic spins Si and Sj in the interfacial layer
of the CoFeB film through a third Pt site [59]. The
DMI in FM/HM bilayers is usually described using a
formalism developed for disordered magnetic alloys with
HM impurities [47, 48]. Here, an additional contribution
to the Ruderman-Kittel-Kasuya-Yosida interaction ap-
pears, which is of Dzyaloshinskii-Moriya type and arises
from the SOC of the conduction electron gas with non-
magnetic impurities [47]. The DM vector Dij links FM
spins at sites i and j with a third Pt site in the HM
[47] and is perpendicular to the triangle described by
the three sites. It is well known that the DMI becomes
particularly relevant at the interface between a ultrathin
FM film and a HM with strong SOC. This fact, together
with the BLS data presented here, suggests that several
Pt atoms may contribute to the strength of the inter-
facial DMI. Hence, in order to evaluate the DM vector,
one have to consider the thickness and lattice structure
of the HM, in such a way that the electrons can scatter
with several Pt sites close to a pair of FM spins, and
thus build up the effective interfacial DMI. Then, the
DM vector [47, 49] associated with Si and Sj , must in-
clude contributions from more than one Pt atom, and
can be generally estimated from
Dij =
λ0
Rij
∑
lmnp
Rlmnpi ·Rlmnpj(
Rlmnpi R
lmnp
j
)3Rlmnpi ×Rlmnpj , (1)
where λ0 is a factor proportional to the SOC constant
and other parameters of the HM [51]. The sum is over Pt
lattice sites that are neighbors with Si and Sj . As it is
displayed in Fig. 1, the vectorsRlmnpi = L0+L
lmn+Lp,
and Rlmnpj = R
lmnp
i − Rij , join Si and Sj to the fcc
lattice sites of Pt. Vector L0 = L0xxˆ−L0y yˆ+L0z zˆ joins
FM site i with the closest Pt atom labeled with l = m =
n = 0, while vector Llmn = blxˆ′ − bmyˆ + bnzˆ′ runs from
the (000) Pt site to the neighbors cubic sites at the edges
of a fcc lattice, labeled by (lmn), where l, n ∈ [−N,N ]
andm ∈ [0, NPt], with N and NPt running through a few
lattice sites, corresponding to a distances of the order
of the spin diffusion length. Vector Lp describes the
position of the 4 Pt atoms associated to site (lmn): L1 =
b/2(xˆ′ − yˆ), L2 = b/2(xˆ′ + zˆ′), L3 = b/2(−yˆ + zˆ′), and
L4 = 0. CoFeB atoms are assumed in the film plane then
Rij = na(cos δxˆ + sin δzˆ) where δ is the angle between
Rij and the x axis, while a is the average separation of
nearest neighbors spins. The index n is introduced to
consider first, second or even third neighbors [51]. With
this model, we get for the DM vector between spins at
i and i + x, Di,j=i+x = −Dz zˆ, and between spins at i
and i + z Di,j=i+z = Dxxˆ [see Fig. 1(d)], where the y
component of Dij cancels out [51].
In the micromagnetic limit the DM Hamiltonian is de-
termined [51] by assuming that the magnetization does
not depend on the normal coordinate, due to the ultra-
thin thickness of the ferromagnetic film. On this ba-
sis, the frequency dispersion of the spin waves is com-
puted and it turns out to be separated into two con-
tributions, f(k) = fs(k) + fDM(k), with fDM(k) =
γD(dPt)
piMs
|k| sinφk cosφM , where D(dPt) ≡ S2ad |Dij | is the
volume averaged DMI strength. The symmetric part,
fs(k), is composed by the exchange, dipolar, anisotropy,
and Zeeman contributions [42]. Here, γ = |gµB/~|
is the gyromagnetic ratio, and φM the angle between
M and the plane [51]. Then, the frequency differ-
ence between oppositely propagating spin-waves is ∆f =
3fDM(k)−fDM(−k), and its dependency with the FM and
HM layers reads [60]
∆f(k, dPt) =
2γD(dPt)
piMs
|k| sinφk cosφM , (2)
where D(dPt) measures the strength of the interfacial
DMI averaged over the volume of the FM film. Ac-
cording to Nembach et al. [37] it is related to the DMI
strength at the interface Dint = D(dPt)NFM, where NFM
is the number of FM atomic layers. By measuring ∆f
through BLS the DMI strength has been found in sev-
eral materials, whose highest value of 2.7 mJ/m2 was
reported in Pt(3)/Co(0.6)/AlOx samples [38].
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Figure 2: Brillouin light scattering spectra measured at k =
1.81 × 107 rad/m under a magnetic field H = 3 kOe for
samples having a Pt thickness of (a) 0.4 nm and (b) 1 nm.
Typical BLS spectra measured for samples having a Pt
thickness of 0.4 nm and 1 nm are shown in Fig. 2(a) and
2(b), respectively. Due to the small sample thickness,
both the Stokes and anti-Stokes peaks, corresponding to
SWs propagating in opposite directions are simultane-
ously observed with comparable intensity. As it can be
seen, the Stokes and anti-Stokes peaks are characterized
by a frequency shift which increases with Pt thickness.
Moreover, the frequency of both peaks interchanges on
reversing the direction of the applied magnetic field, due
to the reversal of the SWs propagation direction. Fig. 3
shows the frequency difference between the Stokes and
the anti-Stokes peaks measured (points) as a function of
the wave vector k. In agreement with Eq. (2) we found
that the frequency asymmetry exhibits a linear depen-
dence as a function of k, and it becomes more pronounced
when increasing the Pt thickness. To better understand
the effect of the platinum thickness, the frequency shift
measured at kmax = 2.044 × 107 rad/m is reported in
Fig. 4(a) as a function of dPt. One can see that the
frequency difference increases linearly with dPt, reaching
a saturation value at about 2 nm. A fit procedure [51]
of the experimental data to the theoretical model was
performed using Eq. (2). In this analysis, we consider
for amorphous CoFeB a = 0.25 nm [53], and for the
fcc lattice parameter of Pt b = 0.39 nm [54], while the
atomic spacer between the CoFeB and the Pt layers, was
set to the mean value between a and b, L0y = 0.32 nm.
On the basis of the AGM measurements, we assumed
µ0Ms = 1.55 T for samples having a Pt thickness larger
than 1 nm, while for samples with dPt lower than 1 nm,
µ0Ms decreases until 1.22 T.
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Figure 3: Measured frequency shift for different Pt thickness.
The samples are under a magnetic field H = ±3 kOe, with
the corresponding theoretical fitting based on Eq. (2).
A good agreement with the experiments is obtained
by setting β = δ = 0, L0x = L0z = 0, and the fitting
parameters f0 ≡ 2γS
2λ0kmax
piMsn2a4d
= 0.03 GHz, and the aver-
age spatial range of DMI Rij ≈ na = 0.74 nm, which
for a = 0.25 nm gives n ≈ 2.95 [51]. The fit is shown
by the continuous curves in Fig. 3 for the linear behav-
ior with k and Fig. 4(a) for the thickness dependence,
where the solid red curve is a linear interpolation. The
measured angular dependence of the frequency shift, see
inset of Fig. 4(a), was obtained for a thickness dPt = 5
nm at a wave vector k = 1.35 × 107 rad/m, showing a
clear sine like dependence [33, 36, 42] in agreement with
Eq. 2. The strength of the interfacial DMI obtained
from the fit is reported in Fig. 4(b). As it can be seen
D(dPt) grows with the Pt thickness and reaches a sat-
uration value of almost 0.45 mJ/m2 at about four Pt
monolayers (∼ 2 nm). This characteristic can be traced
back to the spin transport parameter, the so-called spin-
diffusion length. As we pointed out, interfacial DMI orig-
inates from the indirect exchange between FM spins and
neighboring HM atoms having a large SOC. Such SOC
in Pt is responsible for the loss of spin information car-
ried by electrons after a characteristic spatial range given
by the spin-diffusion length, which at room temperature
takes values in the range of 1.2−2 nm [18, 55–57]. There-
fore, the spin-diffusion length spatially limits the indirect
exchange mechanism that induces the DMI and accord-
ingly, its enhancement with Pt thickness.
It is important to note that the average spatial range
of the interfacial DM coupling na, is almost three times
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Figure 4: (a) Spin-wave frequency asymmetry in a CoFeB/Pt
as a function of Pt thickness at kmax = 2.044 × 107 rad/m.
The fit (red line) of the data, based on Eq. (2), is done with
the parameters a = 0.25 nm, b = 0.39 nm and L0y = 0.32 nm,
and n = 2.95. The inset shows the in-plane angular depen-
dence of ∆f , and its corresponding fit curve for a thickness
dPt = 5 nm at a wave vector k = 1.35× 107 rad/m. (b) DMI
strength as a function of dPt obtained from ∆f(kmax, dPt)
and for a gyromagnetic ratio γ = 187 GHz/T [58].
larger than the average interatomic distance a ≈ 0.25
nm [53]. This can be understood taking into account
the fact that the interfacial DMI is an indirect exchange
coupling between FM atomic spins mediated by conduc-
tion electrons that populates the structure. As a conse-
quence two interacting spins may communicate via DMI
even if they are next nearest-neighbors. This can be ver-
ified by noting that in the present case of a saturated
in-plane magnetization, the only important DMI is be-
tween the dynamic magnetization components. Indeed,
a simple evaluation of the DMI energy between spins i
and j leads to hDM(n) = −|Dij |sisj sin (kna) where si
is the dynamical component of the i-th spin.
Therefore, for typical wave vectors (∼ 107 rad/m) the
DM coupling turns out to be relevant not only for first
nearest neighbor precessing spins but it covers a cou-
ple of atomic sites of the CoFeB. Similar considerations
that involve the interaction of pair of spins beyond first
neighbors has also been mentioned in Ref. [52], where
the authors argued that second neighbors do not sig-
nificantly contribute to the effective DMI, while direct
exchange was considered up to seventh neighbors [61].
In summary, non-reciprocity of the spin-wave spectra
in Pt(dPt)/CoFeB ultrathin films was studied by Bril-
louin spectroscopy for different Pt thicknesses. The BLS
spectra of Stokes and anti-Stokes peaks establishes a
linear relation between the asymmetry in the SWs fre-
quency and the wave vector. We observed, and the-
oretically demonstrated by virtue of the 3-site indi-
rect exchange mechanism [47], an increasing interfacial
DMI as the Pt thickness increases. We propose that
the mechanism behind the observed DMI enhancement
with dPt, consists of cumulative electron hopping be-
tween the atomic spins at the interface and the non-
magnetic atoms in the heavy metal. Nevertheless, for
a given thickness of the CoFeB layer, the DMI magni-
tude does not exceed the saturation value 0.45 mJ/m2
for Pt thicknesses larger than the spin-diffusion length
∼ 2 nm [55]. Thickness-dependent DMI studies will offer
a great prospect in the fields of spintronics and magnon-
ics, in order to induce and spatially control chiral effects
in magnetic materials.
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